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The innate immunity of vertebrates and invertebrates to
microbial infection is mediated in part by small cationic
peptides with antimicrobial activity. Successful pathogens
have evolved mechanisms to withstand the antibiotic
activity of these molecules. We have isolated a set of genes
from SalmoneUla typhimurium which are required for
virulence and resistance to the antimicrobial peptides
melittin and protamine. Sequence analysis of a 5.7 kb
segment from the wild-type plasmid conferring resistance
to protamine contained five open reading frames: sapA,
sapB, sapC, sapD and sapF, organized in an operon
structure and transcribed as a 5.3 kb mRNA. SapD and
SapF exhibited similarity with the 'ATP binding cassette'
family of transporters including the bacterial Opp and
SpoOK, involved in the uptake of oligopeptides; the yeast
STE6, necessary for the export of a peptide pheromone;
and the mammalian mdr, which mediates resistance to
chemotherapeutic agents in cancer cells. SapA showed
identity with other periplasmic solute binding proteins
involved in peptide transport. The SapABCDF system
constitutes a novel transporter for enteric bacteria and
the first one harboring a periplasmic component with a
role in virulence.
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Introduction
Animals and plants are continuously exposed to a variety
of microorganisms with the capacity to cause disease. An
effective mechanism of defense against invading pathogens
is mediated by a family of small cationic peptide antibiotics
with the capacity to adopt amphipathic a-helical structures
and to form voltage-gated channels in membranes (Boman,
1991; Lehrer et al., 1991; Zasloff, 1992). Although the
production of such compounds had originally been associated
with species lacking T cells or antibodies, the purification
of cationic peptide homologs from both mammals and insects
suggests a conservation in the evolution of what seems to
be an effective host defense strategy (Du Pasquier, 1992).
Some of the best characterized antimicrobial peptides include
the magainins from the skin (Zasloff, 1987) and stomach
(Moore et al., 1991) of the frog, the cecropins from the
Cecropia moth hemolymph (Steiner et al., 1981) and pig
intestine (Lee et al., 1989) and the defensins, which have
been purified from phagocytic (Ganz et al., 1990; Selsted
et al., 1993) and epithelial (Diamond et al., 1991;
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Eisenhauer et al., 1992; Ouellette et al., 1992a,b) cells of
several mammals. Defensin homologs have also been found
in insects (Lambert et al., 1989).

Facultative intracellular pathogens are organisms which
can survive within phagocytic cells because they have
evolved mechanisms to circumvent or withstand the
microbicidal compounds presented by the host cell (Mims,
1987). For example, the Gram-negative bacterium
Salmonella typhimurium can replicate within macrophages
and resist the battery of cationic peptides which are normally
found within the lysosomal granules. The requirement of
resistance to microbicidal peptides for Salmonella
pathogenesis was first shown with mutants exhibiting
hypersensitivity to defensins (Fields et al., 1989). These
strains were highly attenuated for virulence, exhibited
hypersusceptibility to magainins, cecropins, melittin and
mastoparan (Groisman et al., 1992b), and harbored
mutations in the phoP locus. PhoP encodes a transcription
factor that belongs to the family of two-component regulatory
systems (Groisman et al., 1989; Miller et al., 1989). While
this observation suggested that resistance to host defense
peptides is transcriptionally regulated, none of the five PhoP-
regulated genes identified so far plays a role in defensin
resistance (Fields et al., 1989; Groisman et al., 1989; Miller
et al., 1990).
Gram-negative bacteria have two membranes of distinct

composition and function. Peptide-mediated killing is
associated with permeability changes affecting the integrity
of the inner membrane (Lehrer et al., 1989). The
lipopolysaccharide (LPS) present in the outer membrane is
one of the bacterial factors with a demonstrated role in
resistance to magainin 2 (Macias et al., 1990; Rana et al.,
1991) and other antimicrobial compounds (Groisman et al.,
1992b). To identify additional determinants involved in
resistance to antimicrobial peptides, we screened Salmonella
mutants for hypersusceptibility to the antimicrobial peptide
protamine, and recovered 12 strains that were hypersensitive
to one or more peptides from a group of six tested (Groisman
et al., 1992b). The distinct patterns of susceptibility to these
peptides and the distribution of resistance loci in the
chromosome demonstrated that Salmonella possesses several
mechanisms of peptide resistance (Groisman et al., 1992b).
Moreover, these mutants had reduced virulence, providing
evidence for a direct role of resistance to cationic peptides
in Salmonella pathogenesis.
Three of these sap (sensitive to antimicrobial peptides)

mutants were of particular interest because they exhibited
hypersensitivity to melittin and to crude extracts from human
neutrophil granules but were still resistant to defensins. While
each of these mutants harbored transposon insertions
mapping near pyrF at 33 min in the chromosome (Groisman
et al., 1992b), one was more attenuated with respect to
peptide susceptibility and virulence. This suggested that the
transposon insertions affected at least two different genes.
In this report, we describe the molecular genetic
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Fig. 1. Physical maps and complementation data for sap-containing plasmids. The restriction map of the sapABCDF-containing plasmid pEG6159 is
shown at the top; the dark bar corresponds to Mud5005 vector sequences (Groisman and Casadaban, 1986). DNA present in subclones of pEG6159
is illustrated as horizontal lines beneath the restriction map, and the ability of these subclones to complement protamine-sensitive mutants EG1209,
EG1213 and EG1216 for growth in the presence of protamine is indicated on the right hand side of the figure: +, growth; -, no growth; +/-,
partial growth. The bar representing plasmid pEG6179 shows the smallest amount of DNA that can rescue all three mutants. Restriction fragments 1
and 2 denote DNA segments utilized as probes for Southern (Figure 6) and colony hybridization experiments (see text), respectively. All occurrences
for restriction sites are indicated with the exception of MscI and EcoRV. Restriction sites are abbreviated as follows: A, SacI; C, MscI; E, EcoRI;
G, BglII; H, HindU; M, SmiaI; P, PstI; S, Sall and V, EcoRV.

characterization of this resistance locus uncovering a system
that exhibits sequence similarity with prokaryotic and
eukaryotic transporters that have been implicated in
resistance to drugs and the transport of different solutes.

Results
Cloning of the sap locus
To characterize further the resistance determinants mapping
to the 33 min region, we cloned the wild-type genes and
localized the site of transposon insertion for each of the
protamine-sensitive mutants. First, we isolated the MudJ-
Salmonella junction fragments by preparing genomic
libraries using the restriction endonuclease Sall, whose single
recognition site in MudJ is present downstream of the kan
gene. By selecting for kanamycin- and ampicillin (vector-
encoded)-resistant transformants, we obtained plasmid clones
that harbored fragments consisting of the Salmonella DNA
adjacent to the left end of MudJ. We then constructed
restriction maps for the three plasmid clones, purified a 900
bp Bgll Salmonella-specific fragment present in two of
them, and used it to screen a plasmid library for the wild-
type gene. One candidate clone-pEG6159 (Figure 1)-had
a 21.5 kb insert with several restriction fragments in common
with the plasmids harboring the MudJ-Salmonella joints.
This clone rescued the protamine-sensitive phenotype of
CP1216, a kanamycin-sensitive, ampicillin-resistant
derivative of mutant EG1216. This strain was used because
the wild-type library was generated with the vector Mud5005
(Groisman and Casadaban, 1986), which encodes resistance
to kanamycin like the MudJ element in strain EG1216. To
localize the wild-type gene within pEG6159, and to
determine the minimal DNA fragment which could rescue
the protamine susceptibility phenotype, we generated and
tested several subclones for their ability to complement the
protamine-sensitive strains. The only plasmids that fully
complemented all three mutants were pEG6160, pEG6162
and pEG6179, delimiting the region of interest to the 6.3

kb segment between the rightmost PstI site and the shown
MscI site (Figure 1). Southern hybridization experiments
using chromosomal DNA from wild-type and mutant strains
probed with Salmonella or MudJ-specific DNA established
that the three MudJ insertions were present within a 1.2 kb
region (data not shown): this is consistent with their similar
genetic linkage to pyrF (Groisman et al., 1992b).

Sequence analysis of the sap locus
The nucleotide sequence of a 5.7 kb segment from plasmid
pEG6162 was analyzed to identify the determinants
responsible for peptide resistance. There were five open
reading frames in one strand, designated sapA, sapB, sapC,
sapD and sapF, which encoded products with predicted mol.
wts of 61 622, 36 082, 31 547, 37 611 and 30 611,
respectively (Figure 2). Assignment of genes to these open
reading frames is based on the following: first, except for
these five genes, all remaining open reading frames within
this segment are shorter than 101 amino acids. Second, the
codon usage within these reading frames is typical of other
highly expressed S. typhimurium genes. Third, there is
extensive sequence similarity of the sap gene products with
other proteins in the database. And fourth, there are stop
codons in all three reading frames downstream of sapF. All
open reading frames except for sapA harbored potential
ribosome binding sites at the appropriate distance from their
putative initiation codons. The assignment of the start codon
for sapA was based on the agreement between the predicted
and experimentally determined sizes of the protein, the
presence of a potential signal sequence and the similarity
of SapA with known proteins in the database.
That sapABCDF might be transcribed as a single

multicistronic operon was suggested by the absence of
intergenic regions and the presence of overlapping stop and
start codons. Downstream ofsapF there is a region that could
form a stem- loop structure and favor rho independent
termination of transcription (Figure 2). We detected a single
transcript of -5.3 kb by Northern analysis with RNA

4054



SapA.TTAGCTATTTCT,CCGGCTAATTGACGACATTTACGCCAGTTATCCACCGACATTTTACGTGGCGGGCCGAAGTGCGATACACTTTGCAAATTGAACTTCAAAAACTTAACTATTATGCG
M R

CCT,GGTTTATCGTCTCTGATCGTGATAGCGGGT,CTACTAAGTAGTICAGGCTACGGCTGCGACTGCGCCCGAACAAACTGCGAGTGCAGATATTCGCGATAGCGGCTTTGTGTATTGT,GT
L V I q S L T V T A G *TL S O A T A A T A P E Q T A S A D I R D S G F V Y C V

CAGCGGGCAGGTCAACACCTTAATCCGCAAAAAGCGAGCAGCGGCCTCATCGTCGATACCCTGGCC GCCCAGTTATATGAT,CGCCTGTTGGATGTGATCC CTATACTTATCGTTTAGTS G Q V N T F N P Q K A S S G L I V D T L A A L Y D R L L D V D P Y T Y R L V

CCCAGAGCTGGCAGAAAGCTGGGAAGTGCTGGATAACGGGGCAACGTACCGTrTTTCACCTGCGCCGCGACGTTTCCTTTC AAAAAACCGCCT~GGTTACGCC GACCCGAAAACTCAATGCP E L A E S W E V L D N G A T Y R F H L R R D V S F Q K T A W F T P T R K L N A

TGATGATGTCGTCTTTACCTTTCAGC GGATTTTCGATCGTCGACAT,CCGTGGCATAACAT,CAACGGCAGTAGCTTCCCCTA=TTGATAGCCTACAGTTICGC CGACAATGTAAAAAGCGTD D V V F T F Q R I F D R R H P W H N N G S S F P Y F D S L Q F A D N V K S V

GCGTAACGTGGACAATAACACCGTTGAGTTCGCCTGACGCAGCCAGACGCCTCCTTTTATGGCATCTrGGCTACACACTACGCT7TCCGTCATGTCCGCTG,AGTACGCCGCGCAGCTTAG
R N V D N N T V E F R L T P D A S F L W H L A T H Y A S V M S A E Y A A Q L S

CCGAAAMGATICGTCAGGAACTGCTAGACCGCCAACCGGTCGGTACCGGGCCTT7TCCAGCITCGGAGTACCGTIGCCGGGCAGTTTATTCGT,CTCCAGCGCCACGATGGG7TTTTGGCGCGGR K D R Q E L L D R P V G T G P F Q L S E Y R A G F I R L Q R H D G F W R G

CAAACCGCTGATrGCCGCAAGT,GGTGGTGGATTTAGGCT,CCGGCGGTACCGGGCGTTTAT,CGAAATTACT,GACCGGT,GAATGCGATGyTCTGGCCT,GGCCCGC CGCCAGCCAGCTAACTATK P L M P Q V V V D L G S G G T G R L S K L L T G E C D V L A W P A A S Q L T I

TTACGCGACGATCCGCGTT,TACG7TCTGACGT7TGCGCCCGGGGATGAATATCGCCTATCT'GGCCTTTAACACCGATAAGCCGCCGTTG.AATAATCCCGCAGTGCGCCATG,CGCTG.GCC7TTL R D D P R L R L T L R P G M N I A Y L A F N T D K P P LN N P A V R H A L A L

A7TCGA7TCAACAACCAGCGCC7TGATG.CAGT,CGATTTATTACGGCACGGCGGAMACCGCAGCCTCCATTTTAC CGAGAGCCTCATG,GGCTTACGATAMCGATGCCMAATA7TACGGAGTACAAS I N N Q R L M Q S I Y Y G T A E T A A S I L P R A S W A Y D N D A K I T E Y N

7TCCGCAMAAATCGCGCGAACAGCTAAAGCGCTGGGCATTGAGAATCTTACGCTGCATC7TCTGGGTGCCGACCAGT7TCTICAGGCCTGGAACCCAMGT,CCGCTAAMMACGGCGGAGCTTATP Q K S R E Q L K A L G I E N L T L H L W V P T S S Q A W N P S P L K T A E L I

7TCAGGCGGATAT,GGCGCAGGTTGGCGTAAAAGTrGGT,CATTGTGCCGGTGAAGG7TCGTTTTCAGGAGGCGCGCCTGATGGATATGAATCACGAT'C7GACCTTrATCCGGC7TGGGCCACGGAA D M A Q V SV K V V I V P V E G R F Q E A R L M D M N H D L T L S G W A T D

CAGCAACGATICCGGATAGCTTTTT,CAGACCGCTGTTMAGCTGTGCGGCCA7TCAAT7TCGCAMACCAATTT,CGCCCACTGGTGTAACCCTGMATTTG.ACAGCGTGCTGC GTAAGGCACTG7TCS N D P D S F F R P L L S C A A I N S T N F A H W C N P E F D S V L R K A L S

GT,CGCAGCAGTT'GGCT7TCGCGCATAGAAGCGTAT'GAGGAAGCGCAGAATA7TCCT,GGAGAAAGAGCTGCCGATACTGCCGCTGGCATCATCACTACGCCTGCAGGCTTACCGCTACGATATS Q Q L A S R I E A Y E E A Q N I L E K E L P I L P L A S S L R L Q A Y R Y D I

TAAAGGGCTGGT1GTTAAGCCCGT7TCGGCAATGCGTCTTTTrGCCGGCGT'CTCCCGCGAAAAACACGAAQGAGGTGAAAAMCCATGATTATCT7TCACCCTGCGTCGGTTATTGCTGTT,GCT'G
K G L V L S P F G N A S F A G V S R E K H E E V K K PE

M I I F T L R R L L L L L

GTG.ACGC7TCTTCTTCCTGACCTTATCGGCTTTAGCCTG,AGCTATTTTACGCCGCA7TGCGCCGCTACAAGGCGCATCATTATGGMTG7rCCTGGGTTTTCTGGTT,CAACGGTCTG,CTGCACV T L F F L T F I G F S L S Y F T P H A P L Q G A S L W N A W V F W F N G L L H

TGGGACTTTGGCGTGTICACAC AATCGGCCAGCTGA7SCTCCGAACAGCTrAAATGGTGCTGTGCATTCTCCCTTTGGTTTCTGTGCTIrIGTTGCGCTGATGGTCGGCAT'CW D F G V S S I N G Q L I S E Q L K E V F P A T M E L C I L A F G F A L M V G I

CCGGT,CGGGACTGTGGCGGGCGTG.ACGCGTAGCAAATGGCCGGAT'CGTTTTrATCAGCGCGCTGGCACTATTAGGTTTCTCMTTCCGGTTTT,CTGGCTGGCGCTTCTGCTCACACTGTTP V G T V A G V T R S K W P D R F I S A L A L L G F S I P V F W L A L L L T L F

TTTTCGCT,CACGCTGGGGTGGCTG,CCGGTATCCGGGCGATTTGACCTIGCTTTrATGAAGTTMAACCGGTTACCGGTT7TCGCCATCATT'GACGCCT,GGATTTAGATTGCCCATGGCGTIGATF S L T L G W L P V S G R F D L L Y E V K P V T G F A I D A W I S D C P W R D

GAMMTGGTG.ATGAGCGCCATACGGCATATGGTTTTACCGGTGCTCACGCTCTCCG7TCGCGCCGACCACAGAAGTGATICCGCCTGATG;CGAATCAGCACTATTGAGGT,CTACGAT'CAGAACE M V M S A I R H M V L P V L T L S V A P T T E V I R L M R I S T I E V Y D Q N

TACG7TTAAGCGGCGGCCACGCGCGGCTTATCGCGCTTTACGATTTTACGCCG7TCACGTGTTGCATMTGrCGCT'GCCGCCGGTCATTCCCCGTC1TGGTCTGCAGTTT7CAACCATGTT=AY V K A A A T R G L S R F T I L R R H V L H N A L P P V I P R L G L Q F S T M L

ip .
ACGCTG.GCGATG.ATTACCGAAATGGTTTTCAGCTG.GCCT'GGGCTGGGACGAT,GGTTAATTCACGCCATT,CG7TCAGCAGGACTATGCCGCTATTTCGCTGGCGTG.ATrGGTCATTGGGTCGT L A M I T E M V F S W P G L G R W L I H A I R Q Q D Y A A I S A G V M V I G S

CTrGGTTATTGT,GG7TCAATGT,GA*-TTTCGATATTTTGGGT,GCTATGGCTMACCCTCTG.AAACATA,AMTGGTATGCCTTrACGATAGCGTATACAGCGAAAGCGCCCGCCAGGCACCCT
L V I V V N V I S D I L G A M A N P L K H K E W Y A L RK

M P Y D S V Y S E K R P P G T L

GCGCACTG.CCT,GGCGTAMATTTTATAGCGACCGCWCTGCGATG,GTGGGTC7TGTATGGATG.CGCCGGTCTGGCGTTGCT,GTGTATTTTTGMGCGGCTGGATCGCGCCCTATGGTAT'CGAT'CAR T A W R K F Y S D A P A M V G L Y G C A G L A L L C I F G G W I A P Y G I D Q

GCAATTTGGGCTAT,CAGCTACTG,CCACCCT'CCTGG7TCACGCTAT,GGCGAAG7TCTCCTTTTTTCTGGGGACTG.ACGA7TCTGGGGCGCGATG.TGCTG.AGCCGCCTGTTAAGCGGCGCGGCF L G Y Q L L P P S W S R Y G E V S F F L G T D D L G R D V L S R L L S G A A

GCCCACGGTCGGCGGCGCGTTTAT,CGTAACGCTGGCGGCTACGCTA7TGTGGAT'TAG7TCCTCGGCGTAGTG,GCAGGCGCGACGCACGGTTTACGCTICTGCCGTGCTGAACCATATTrCTGGAP T V G G A F I V T L A A T L C G L V L G V V A G A T H G L R S A V L N H I L D

CACGCTGCTTT,CCATCCCTT,CGCTCTTGCTGGCGATTAT1CG7TCGTGGCATTTGMCCGGCCCACA7TCTGT,CACACGCGATGTTTGCGT'CTGGCTGGCCCT'GTTGCCGCGAATGGTACG=TT L L S I P S L L L A I I V V A F A G P H L S H A M F A V W L A L L P R M V R S

CGTCTACAGCATG.GTGCAT'GATGAACTrGGMAAAAGAGTACGT'CATTG,CCGCCCGTCTGGATGGCGCGACAACGCTGAATATT'CTGTGGTTCrGCCATTTACCGAATATTAC CGCCGGTCTV Y S M V H D E L E K E Y V I A A R L D G A T T L N I L W F A I L P N I T A G L

GGTCACCGAAATTACCCGGGCGCTGTCGATGGCGA7TTCTG-GACATICGCCCGCTGrGGATTTTAGATCT'CGGCGCGCAGCTTCCCTCTCCT'GAATGGGGCGCCATGTTG.GGGGATGCGCTV T E I T R A L S M A I L D I A A L G F L D L G A Q L P S P E W G A M L G D A L

GGAGCTAATCTATGTCGCGCCGTGGACCGTTATr.CTACCCGGCGCGGCGATAACGCTCAGTGrTTTACT,GGTAMkCCTGCTCGGAGAT,GGGATTICGT,CGTGC GATTATTGCGGGQGGTGAE L I Y V A P W T V M L P G A A I T L S V L L V N L L G D G I R R A I I A G V E8apD
ATAATGCCGTTACTGGATAT,CCGCAATCTACCATTGAATTTMMACCAGCGAAGGTTGGGTAMMGCGGTCGATCGCGTCAGTATGACATTAAGCGMGGTGAMMTT,CGCGGCCTGGTA

M P L L D I R N L T I E F K T S E G W V K A V D R V S M T L S E G E I R G L V

GGTGAATCGGG;TTCCGGAAAGAGCTTGATTGCTAAAGCTATTT,GCGGCGT,CGCGAAAGACMACTGGCGAGTCACTGCCGACCGTATGCG=TTGAT,GATATCGATICTGCTIGCGCCTTCCG E S G S G K S L I A K A I C G V A K D N W R V T A D R M R F I ID L L R L S

T,CACGTGMkCGGCGTMAGCTGGTCGGACATAATGTGT,CGATGATCTT,CCAGGAGCCGCAGT,CGTGCCTTGATCCTTICCGAACGCGT,CGGCCGCCAGTTMATGCAAAATATTCCCGCCTGGS R E R R K L V G H N V S M I F Q E P Q S C L D P S E R V G R Q L M Q N I P A W

ACCTATAAAGGCCGCTGGTGGCAGCGTTTAGGCTGGCGTAAMCGGCGTGCAATTGAATTACTGCACCGGGTGGGAATTAAAGATCATAAAGAGCCGATGCGC AGTTTTCCCTATGAACTGT Y K G R W W Q R L G W R K R R A I E L L H R V G I K D H K E P M R S F P Y E L

ACCGATGGTGAGTGT,CAGAAAGTTATGATCGCTATCGCGCTGGCGAATCAACCGCGACTCCTGAT,CGC7TGATGMkCCCACCAACTCAATGGAACCAACGACGCAGGCGCAAATTTTCGCT D G E C Q K V M I A I A L A N Q P R L L I A D E P T N S M E P T T Q A Q I F R

CTGCTGACCCGACTGAMTCAAAACAGTAATACCACCATTCTGTTGATTAGCCACGACCT,GCAAATGCT~GAGT'CAGTGGGCT'GATAAATCAACGTTTTATACTGCGGCCAGACGGTAGAAL L T R L N Q N S N T T I L L I S H D L Q M L S Q W A D K I N V L Y C G Q T V E

ACCGCGCCAAGTAAMGATCTGGTGACGAT,GCCACAT,CATCCTTATACGCAGGCGCTTATCCCGCWGATT,CCGGATTTTGrGCAGCGCGATGCCGCATAAAGCCGT,CTGAATACGCTGCCAT A P S K D L V T M P H H P Y T Q A L I R A I P D F G S A M P H K S R L N T L P

GGCGCGATCCCGCTACTGGiGCAGTTACCGATAGGTTrGT,CGT'CTGGGGCCACGCTGCCCTTrACCGCGCMCGAGAMTGCATTAT,CACGCCACGCTTAACCGGCGCGAAMMTCATCTCTATG A I P L L E Q L P I G C R L G P R C P Y A Q R E C I I T P R L T G A K N H L Y
Es py..apF

GCCTGTCATTTT,CCGCTGAATATGGAGGAGAGTGATAT,GGT,GGAAACTCqsGCTT,AGMGrGCGCAACCT,GAGTAAAACCTTTCGCTACC GGACAGGATGGTTTCGTCGCCAGACCGTCGA
A C H F P L N M E R E I

M V E T L L E V R N L S K T F R Y R T G W F R R Q T V D

CGCCGTGAAACCATTAAGCTTACGCTT,CGTGAGC GT,CAGACCCTGGCCATTATCGGCGAAMACGGTTCCGGCAMATCCACGCTGGCGAAGATGCTGGCCGGCATGATTGAACCCACCAGA V K P L S F T L R E R Q T L A I I G E N G S G K S T L A K M L A G M I E P T S

CGGCGAGCTTCTTATTGACGATCATCCCCTGCATTACGGCGACTATTGTTT,CGAAGCCAACGTATTCGAMTGATTTTTtAGGACCCCTCMkCGTACTGAAT,CCACGT,CAACGTATTT,C
G E L L I D D H P L H Y G D Y S F R S Q R I R M I F Q D P S T S L N P R Q R I S

GCAGAT,CCTTGACTTCCCCCTGCGCCTTMkTACCGATCT,GGAGCCGGAACAGCGGCGCAAACAGATTGTGAGACGATGCGTATGGT,GGGGCTATTGCCCGATrCACGTMAGCTACTACCC
Q I L D F P L R L N T D L E P E Q R R K Q I V E T M R M V G L L P D H V S Y Y P

GCATATGCTGGCGCCGGGGCAGAAACAGCGTCT,GGGCCT,GGCCCGCGCGCT,GATTTACGCCCTAAAGTCATTATCGCGGACGAAGCGCTGGCTTCGCTTIGATATGTCCATGCGCTICGCAH M L A P G Q K Q R L G L A R A L I L R P K V I I A D E A L A S L D M S M R S Q

GCTCATCAMTCTGATGCTTGAATTGCAGGAAAGCAAGGCA7TCTCCTATA7TCTATGTCACGCAGCATATCGGCATGATG.AAGCATATTAGCGATICAGGTATTAGTGAT,GCATCAGGGGGA
L I N L L EL Q E K Q G I S Y I Y V T Q H I G M M K H I S D Q V L V M H Q G E

AGTGGTTGAACGCGGCAGCACCGCCGATGTGCTCGCCTCTCCGCTACATGALTTACCCGCCGTTTESTCGCAGGCCALITTGGCGAGGCGCTGACCGCTGACGCATGGCGAAAGGATCGV V E R G S T A D V L A S P L H E L T R R L I A G H F G E A L T A D A W R K D R

Fig. 2. Complete nucleotide sequence of the sapABCDF operon and deduced amino acid sequences of the encoded products. Potential ribosome
binding sites and potential signal sequence in SapA are underlined. An inverted repeat downstream of sapF is in bold and also underlined. The
nucleotide sequence reported in this paper has been deposited in the EMBL Data Library under accession number X74212.
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Fig. 3. Expression of sapABCDF-encoded products. The proteins
encoded by plasmids pEG6162, pEG6179 and pEG6188 were
expressed as described in Materials and methods and a fluorogram
corresponding to a 12 h exposure at -70°C is shown. Numbers
indicate mol. wt in kDa. Lysates were prepared from HB101 cells
harboring: 1, pEG6162, pGPI-4; 2, pEG6179, pGP1-4; 3, pEG6188,
pGPI-4 and 4, pT7-5, pGP1-4 as control.

prepared from mid-log phase wild-type cells and probes
corresponding to the coding region of either sapA, sapB or
sapF (data not shown). The right end of the MudJ transposon
contains a promoterless lac operon and upon insertion in the
proper orientation, transcriptional fusions are created
(Castilho et al., 1984). Mutants EG1209 and EG1213, which
expressed similarly low levels of /-galactosidase activity in
M63 glucose X-Gal plates, harbored the MudJ transposon
with its right end closer to the putative promoter region of
sapABCDF. Mutant EG1216, with the MudJ inserted in the
opposite orientation, did not produce f-galactosidase.

Expression of Sap proteins
To identify the products encoded by the sapABCDF operon,
we used the phage T7 promoter system to express the genes
encoded by plasmids pEG6162 and pEG6179, which harbor
the complete operon in their 9.3 kb and 6.3 kb inserts
(Figure 1), respectively; and pEG6188, a derivative of
pEG6179 with only 36 amino acids of the sapF coding
region. Induction of the T7 polymerase was followed by
addition of rifampicin to inhibit host transcription and labeled
polypeptides were visualized using 3H amino acids
(Figure 3). We identified polypeptides of about 61, 38 and
36 kDa in size, in agreement with the predicted molecular
weights for SapA, SapD and SapB, respectively; and a
doublet of -30 kDa corresponding to SapC and SapF.
Assignment of the visualized bands to the predicted gene
products of the sapABCDF operon is based on a series of
T7 expression and in vitro transcription/translation
experiments using plasmid pEG6162 derivatives pEG6163,
pEG6164 and pEG6165 (Figure 1), which carry different
subsets of the sap genes (data not shown).

Sap belongs to the 'ATP binding cassette' family of
proteins
We searched the sequence databases (GenBank release 73)
with the predicted amino acid sequences of each of the five
open reading frames. We found that SapD and SapF have
a high degree of sequence similarity with several members
of the 'ATP binding cassette' family of transporters
(Figure 4). This group of proteins includes the eukaryotic
mdr which has been implicated in resistance to
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chemotherapeutic agents in mice and humans (Chen et al.,
1986), the CFTR, involved in the transport of C1- anions
(Riordan et al., 1989), and the yeast STE6, required for the
release of a peptide pheromone (McGrath and Varshavsky,
1989). Bacterial homologs include the Mal and His systems
involved in the uptake of maltose and histidine, respectively,
as well as the Hly and Clv necessary for the export of
hemolysin and colicin in Escherichia coli (see Higgins, 1992,
for review). The region of similarity is located within a
stretch of - 200 amino acids and extends beyond the two
ATP binding sites known as Walker motifs (Walker et al.,
1982) which are present in several ATP binding proteins
(Figure 4). The highest degree of identity (Table I) was
found with homologs in the Opp (Hiles et al., 1987) and
SpoOK (Perego et al., 1991; Rudner et al., 1991) systems,
which participate in the uptake of oligopeptides in
S. typhimurium and Bacillus subtilis, respectively. SapD and
SapF are 40% identical (61 % similar) to the Salmonella
OppD and OppF; and all four of these proteins show frequent
regions of hydrophilicity with no long hydrophobic stretches
along the sequence (data not shown). Furthermore, like the
OppD/OppF pair, SapD and SapF are similar to each other.
SapA contains a signal sequence and its predicted

periplasmic location suggests that it may be responsible for
binding the ligand to be transported into the cytoplasm of
the cell. This protein exhibited the highest degree of sequence
identity (36 %) with DppA from E. coli (Abouhamad et al.,
1991), which is involved in the transport of dipeptides and
the Salmonella OppA (26% identity), required for
oligopeptide uptake. Analysis of the SapB and SapC
sequences predicted several stretches of hydrophobic amino
acids in each of these proteins which could correspond to
transmembrane domains (data not shown). These proteins
also showed sequence identity with each other and with the
membrane components of the Opp and SpoOK transport
systems: SapB and SapC were 33% and 26% identical to
OppB and OppC, respectively (Table II). The similarity to
these proteins extends to their predicted secondary structures
regarding the distribution of hydrophilic and hydrophobic
regions. Beside the similarities exhibited between the
individual proteins of the Sap, Opp and SpoOK systems,
there are interesting differences between these transporters.
While both systems harbor two distinct ATP binding
proteins, SapD and SapF are very different in size (331 and
269 residues, respectively) and show only 28% identity,
relative to the homologous pairs OppD/OppF and
SpoOKD/SpoOKE which are of similar size and display
higher levels of sequence identity (41% and 42%,
respectively). The order of the genes is conserved in the three
operons but their arrangement is not identical: the intergenic
region present between the first and second genes in the opp
(120 bp; Hiles et al., 1987) and spoOK (106 bp; Perego
et al., 1991; Rudner et al., 1991) operons is absent from
sap.

Functional requirement of the different components of
the Sap transporter
Sequence analysis revealed that mutant EG1213 harbored
a MudJ in sapC (nucleotide 3605), and that both EG1209
and EG1216 harbored insertions in sapD (nucleotides 4308
and 4785, respectively; see Figure 5). Given the similarities
between the Opp and Sap systems, one might predict that
all five Sap proteins are required for activity of this system.

N
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Fig. 4. Comparison of Sap proteins with other transporters. Alignment of the amino acid sequences of Sap proteins with similar proteins in the
database (GenBank release 73) was performed using a combination of the programs TFASTA (average match, 0.54; avenage mismatch, -0.396) and
PILEUP (gap weight: 3.0 and gap length weight: 0.1) from GCG. Identical or similar amino acids within each comparison are highlighted and
grouped as follows: AST, DEQ, ILMV, RK, FYW. Dark bars indicate the positions of the consensus sequence for the ATP binding site motif
(Walker et al., 1982). Opp and SpoOK, oligopeptide transporters of £.typhimuriwn and B.subtilis; DppA, dipeptide binding protein of E.coli; HbpA,

heme binding lipoprotein of Haemophilus influenzae; AccA, potential opine binding protein of A.tumefaciens; Ami, aminopterin transporter of
Streptococcus pneumoniae; Dcia, dipeptide transporter of B.subtilis; OccP, octopine permease of Agrobacterium tumefaciens; PhnK, carbon-
phosphorus lyase of Ecoli; ProV, betaine transporter of Ecoli; FhuC, iron (IHI) hydroxamate transporter of Ecoli; FecE, iron (III) dicitrate
transporter of E.coli; AraG, arabinose transporter of E.coli; HlyB, haemolysin exporter of E. coli; DrrB, daunorubicin exporter of Streptomyces
peucetius; CysA, sulfate permnease of E.ccli; GlnQ, glutamine transporter of Bacillus stearothennwphilus; MalK, maltose transporter of
S.ltyphim.urium; His, histidine permease of S.iyphimurium; mdr, multiple drug resistance P-glycoprotein of Plasmodium falciparum; STE6, peptide
pheromone transporter of Saccharomyces cerevisiae; Brown and White, pigment transporters of Drosophila melanogaster; Hami, peptide transporter
of mouse endoplasmic reticulum; CFTR, cystic fibrosis transmembrane conductance regulator of humans.
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Table I. Sequence identitiy between cytoplasmic components of 'ABC' transportersa

SapFb OppD OppF SpoOKD SpoOKE AmiE AmiF TAPI HisP DciAD

SapD 27(56)C 40(61) 32(59) 36(60) 35(55) 33(59) 31(54) 24(55) 24(53) 34(57)
SapF 35(55) 40(61) 35(60) 38(61) 34(57) 34(63) 25(51) 27(56) 33(58)
OppD 41(62) 51(69) 39(58) 44(63) 36(55) 26(48) 31(55) 50(70)
OppF 41(62) 53(69) 37(57) 47(68) 26(55) 31(59) 43(63)
SpoOKD 42(60) 54(71) 39(60) 28(54) 31(54) 58(72)
SpoOKE 35(58) 54(74) 25(51) 30(62) 43(68)
AmiE 37(57) 27(47) 31(53) 45(64)
AmiF 25(53) 34(56) 40(61)
TAPI 28(53) 24(50)
HisP 32(56)

aAlignments were produced using the GCG program BESTFIT (gap weight of 3.0 and gap length weight of 0.1).
bThe proteins correspond to those described in the legend to Figure 4.
CValues correspond to percentage identity. Numbers in parentheses correspond to percentage similarity.

Table H. Sequence identity between transmembrane components of different transport systemsa

SapCb OppB OppC SpoOKB SpoOKC AmiC AmiD HisM HisQ DciAB DciAC

SapB 22(50)C 33(58) 18(50) 22(50) 23(54) 19(49) 23(52) 21(51) 18(49) 32(59) 21(49)
SapC 22(56) 26(54) 23(53) 30(58) 22(48) 22(48) 23(46) 17(51) 26(52) 32(57)
OppB 27(51) 47(73) 24(51) 23(58) 20(44) 23(49) 20(48) 30(42) 26(53)
OppC 19(51) 43(67) 21(50) 30(61) 18(47) 22(50) 22(49) 41(67)
SpoOKB 19(51) 25(51) 18(46) 18(48) 17(44) 51(71) 20(52)
SpoOKC 22(48) 37(62) 21(47) 21(49) 19(49) 57(77)
AmiC 21(46) 20(44) 22(47) 30(60) 18(48)
AmiF 19(46) 20(46) 19(48) 32(60)
HisM 30(57) 19(46) 22(50)
HisQ 21(46) 20(52)
DciAB 23(52)

aAligmnents were produced using the GCG program BESTFIT (gap weight of 3.0 and gap length weight of 0.1).
bThe proteins correspond to those described in the legend to Figure 4.
CValues correspond to percentage identity. Numbers in parentheses correspond to percentage similarity.

However, the sapD mutants EG1209 and EG1216 had a low
level of residual activity: their median lethal dose was two
orders of magnitude lower and they were less susceptible
to protamine than the sapC mutant EG1213 (Groisman et al.,
1992b). While it has been suggested that the interactions
between the membrane and the ATP binding components
are transporter specific (Higgins, 1992), our results raise
the possibility of molecular 'cross-talk' between homologous
systems whereas the membrane components of the Sap
system might interact with ATP binding cassette proteins
homologous to SapD and SapF. The more attenuated
phenotype of EG1213 could be due to disruption of sapC
coupled to polar effects on sapD and sapF. To test whether
mutations of other sap genes led to further attenuation, we
constructed a strain with a deletion that removed the complete
sapABCDF coding region except for the nucleotide sequences
corresponding to the 34 N-terminal amino acids of SapA
and the 44 C-terminal amino acids of SapF (Figure 5). The
resulting Asap strain EG6501 behaved like the sapC mutant
EG1213 when tested for protamine resistance, and its defect
could be complemented by plasmid pEG6179 (Figure 1).
We investigated whether SapF was required for resistance

to antimicrobial peptides given (i) the 56% similarity between
SapD and SapF, (ii) that certain homologous transporters,
such as the His and Mal systems (Higgins, 1992) function
with two copies of the same ATP binding protein, and (iii)
that the homologous SpoOK system of Bacillus harbors two
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distinct, albeit homologous, ATP binding proteins, but the
SapF homolog is not required for peptide transport (Rudner
et al., 1991). Moreover, the MudJ in EG1216 is close to
the 3' end of the sapD gene-affecting the last 15 residues
of the 331 amino acid SapD-and it is possible that the
protamine hypersusceptibility phenotype is due to polarity
resulting in a sapF defect. Therefore, we constructed a strain
(EG6545) harboring a 1.6 kb kan insertion at the HindIH
site within the sapF coding region (Figure 5) that left only
the 36 N-terminal amino acids of SapF. This strain was as
sensitive to protamine as the sapD mutants EG1216 and
EG1209 demonstrating that sapF is required for activity.
Furthermore, complementation of these mutants was
achieved by a plasmid containing sapDF (pEG6163) but not
by one (pEG6164) lacking sapF but carrying the sapABCD
genes (Figure 1).

In bacteria, transporters that harbor a periplasmic solute
binding protein usually import solutes while those lacking
such a component are involved in export (Higgins, 1992).
However, this requirement might not be absolute because
mutants can be isolated in the maltose (Shuman et al., 1982)
and histidine (Speiser and Ames, 1991) transporters that
function in the absence of the periplasmic solute binding
proteins. To establish whether SapA-the putative
periplasmic component-was required for peptide resistance,
we constructed a strain harboring a non-polar in-frame
deletion of sapA which removed 261 residues of the 549
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Fig. 5. Physical and genetic maps of the S.typhimurium sapABCDF chromosomal region for wild-type and sap mutant strains. Genetic organization
of the sap region in the following strains: 14028s, wild-type; EG1213, sapC::MudJ; EG1209, sapD::MudJ; EG1216, sapD::MudJ; EG6545,
sapF::kan; EG6501, AsapABCDF::kan; EG6561, kan AsapA; EG6559, kan is shown. Numbers in parentheses correspond to the length of each Sap
protein. Striped triangles indicate the position of MudJ insertions in mutants EG1209, EG1213 and EG1216; and Km indicates the position of
kanamycin resistance cassettes in the remaining mutants. The thin lines in strains EG6501 and EG6561 correspond to the portion of the
S typhimurium chromosome deleted in these strains. Restriction sites were abbreviated as described in Figure 1; I, Nsil; N, NruI. All occurrences for
restriction sites are indicated with the exception of MscI, NruI, Nsil and EcoRV.

amino acid protein; this strain also harbored a kan insertion
477 bp upstream of sapA required for the transfer of the
mutation from the plasmid back to the chromosome
(Figure 5). The AsapA mutant was more susceptible to
protamine than the isogenic sapA + strain but could still
grow on LB agar protamine plates at concentrations that
completely obliterated the growth of strains with mutations
in sapC or sapD.

sap homologs are present in other Enterobacteriaceae
Because bacterial species vary in their susceptibility to
antimicrobial peptides (Zasloff, 1987; Groisman et al.,
1992a), we investigated whether sequences homologous to
sap were present in other species. Southern hybridization
analysis using the 4.1 kb SaI fragment internal to the
sapABCDF operon as a probe (Figure 1) showed that
homologous sequences were present in the genomes of
several bacterial species. Under high stringency conditions,
sap hybridizing sequences could be detected in eight out of
15 species tested (Figure 6).

Discussion
Microorganisms are exposed to a variety of stress conditions
both within and outside animal hosts. Pathogens that require
growth within the host to cause disease have evolved distinct
strategies to survive the inhibitory environments faced during
the different stages of infection. For example, Salmonella
is in contact with the acidic pH contents of the stomach, bile
salts and osmolarity of the small intestine, and the various
antimicrobial compounds present in the phagolysosomal
compartments of phagocytic cells. We have described a
system from S.typhimurium that is required for resistance
to antibacterial peptides in vitro and for virulence in vivo.
This complex is composed of five proteins exhibiting

2 .' 4 ... 'J III 11 12 13 14 i 16 1' IS 19

64p

Fig. 6. Phylogenetic distribution of sap sequences. Southern
hybridization analysis was performed using total chromosomal DNA
digested with EcoRI and probed with the labeled 4.1 kb Sall fragment
internal to the sap operon (Figure 1) as described in Materials and
methods. 1, Mol. wt markers; 2, Styphimurium; 3, Styphimurium; 4,
Shigella fle-xneri; 5, Enterobacter cloacae; 6, Citrobacterfreundii; 7,
Erwinia herbicola; 8, Enterobacter aerogenes; 9, Ervwnia caratovora;
10, E.cloacae; 11, Klebsiella pnewnoniae; 12, Proteus vulgaris; 13,
S.flexneri; 14, BEsubtilis; 15, Serratia marcescens; 16, E.coli; 17,
Providencia stuartii; 18, Mycobacteriwn tuberculosis; 19,
Streptococcus pyogenes. Size of standards, shown in bp, are given on
the left.

sequence identity with transporters which use energy derived
from ATP to import or export a variety of solutes (Higgins,
1992). Apart from the oligopeptide permeases of bacteria
(Hiles et al., 1987; Alloing et at., 1990; Perego et at., 1991;
Rudner et at., 1991), this protein family includes eukaryotic
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peptide transporters such as the yeast STE6 (McGrath and
Varshavsky, 1989)-required for export of a peptide
pheromone-and the TAPi -TAP2 complex (Monaco et al.,
1990; Deverson et al., 1990; Trowsdale et al., 1990; Spies
et al., 1990; Parham, 1992), which delivers cytosolic
peptides across the endoplasmic reticulum for antigen
presentation by the major histocompatibility complex class
I molecules. Based on the presence of a predicted periplasmic
component and the identity with peptide transporters, the
Sap system is likely to mediate resistance to antimicrobial
peptides by transporting them into the cytoplasm (and away
from their putative membrane targets) where they could
either be degraded by peptidases or initiate a regulatory
cascade resulting in the activation of the resistance
deteminants (Figure 7).

In prokaryotes, the presence of periplasmic solute binding
proteins usually indicates that a transporter is involved in
import rather than export of solutes. Removal of the sapA
gene, whose product exhibits identity with other solute
binding proteins, resulted in peptide susceptibility, suggesting
that the SapABCDF system may be involved in uptake. This
constitutes a novel drug resistance mechanism in bacteria,
which often capture and pump toxic compounds in ways that
are reminiscent of the mammalian Multiple drug resistance
(Mdr) transporter. For example, the DrrAB system of
Streptomyces, which exhibits sequence identity with Mdr,
confers resistance to daunorubicin and doxorubicin in strains
that do not manufacture these antibiotics (Patrick and
Hutchinson, 1991). Periplasmic solute binding proteins of
Gram-negative bacteria and homologous lipoproteins of
Gram-positive bacteria were recently classified into eight
clusters based on the relatedness of their amino acid
sequences (Tam and Saier, 1993). According to this
classification, which correlated well with the predicted
molecular weight of the proteins and the type of solute
bound, SapA would be placed in cluster 5 with other proteins
showing preference for peptides such as OppA, SpoOKA,
DppA as well as a nickel binding protein of E.coli (Tam
and Saier, 1993). Peptides are likely to be the substrate of
the Sap system given the high degree of sequence identity

between other Sap proteins with components of the Opp
(Hiles et al., 1987) and SpoOK (Perego et al., 1991; Rudner
et al., 1991) permeases of Salmonella and Bacillus,
respectively.
Three distinct peptide transporters have already been

described in Salmonella: Dpp (Abouhamad et al., 1991) and
Tpp (Gibson et al., 1984), which are responsible for the
uptake of dipeptides and tripeptides, respectively; and Opp
(Hiles et al., 1987), which is involved in recycling cell wall
peptides and uptake of peptides of up to five amino acids
(Payne and Gilvarg, 1968; Goodell and Higgins, 1987).
Because a mutant strain defective in these three transporters
shows no residual peptide uptake, it has been suggested that
these permeases provide the only broad specificity pathway
for peptide uptake in enteric species (cited in Hiles and
Higgins, 1986). However, the SapABCDF system may also
be involved in the uptake of peptides albeit of different
length, composition, with different kinetic properties or
under different environmental conditions. The various
transporters are likely to have distinct roles in bacterial
physiology. In contrast to sap mutants, strains with mutations
in opp, dpp or tpp or a strain defective in all three permeases
are fully resistant to protamine (E.A.Groisman and C.Parra-
Lopez, unpublished results); and opp and tpp mutants are
virulent for mice (Dorman et al., 1989; Benjamin et al.,
1991). Furthermore, anaerobiosis controls expression of the
opp system in E. coli (Andrews and Short, 1986) but does
not modulate transcription of the sapABCDF (C.Parra-Lopez
and E.A.Groisman, unpublished results) or opp operons in
Salmonella (Jamieson and Higgins, 1984).
There are other possible mechanisms by which

SapABCDF could mediate resistance to host defense
peptides. By detecting the presence of toxic compounds, Sap
could initiate a regulatory cascade resulting in the activation
of the relevant peptide resistance determinants (i.e.
peptidase). Such a system might not require peptide transport
and activation might be achieved just by binding of the
SapA - ligand complex to the membrane components
(Figure 7). For example, ATP hydrolysis in the maltose
system can be achieved even in the absence of ligand

A *
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degradation

Fig. 7. Potential mechanisms of action of the Sap system: right, peptides (triangles) bind SapA in the periplasm and are transported to the cytoplasm
via the remaining components of the Sap system. Once in the cytoplasm peptides can either be degraded by proteases to amino acids that could be
used as building blocks of new polypeptides, or bind a regulatory molecule to activate expression of resistance determinants. Left, SapA-peptide
interaction induces a conformational change in the subunits of the Sap system which is transmitted to other proteins resulting in the modulation of
expression of resistance genes.
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transport whereas the maltose binding protein transmits a
signal across the membrane (Davidson et al., 1992).
Moreover, the SpoOK system of B. subtilis senses sporulation
signals to initiate a regulatory cascade which involves
activation of proteins that belong to the two-component
regulatory systems (Rudner et al., 1991). Salmonella
mutants defective in one such system, PhoP/PhoQ, are
avirulent and exhibit peptide hypersensitivity (Fields et al.,
1989; Groisman et al., 1992b). While this raises the
possibility of a regulatory interaction between the Sap and
the PhoP systems, our preliminary data provide no evidence
for such an interaction (C.Parra-Lopez and E.A.Groisman,
unpublished results).

Resistance to antimicrobial cationic peptides has
traditionally been associated with alterations in outer
membrane integrity (Vaara, 1992): pmrA mutants of
Salmonella exhibit increased resistance to protamine due to
higher content of ethanolamine and amino arabinose (Vaara,
1981) and E. coli strains defficient in the OmpC protein show
hypersensitivity to cecropin D (Siden and Boman, 1983).
The sap mutants did not exhibit outer membrane permeability
defects because RNase release and susceptibility to lysozyme
and a variety of antibiotics was identical to that of the wild-
type strain (C.Parra-Lopez and E.A.Groisman, unpublished
results). Sap-mediated resistance may involve the removal
of the cationic peptide away from its target site in the
bacterial membrane. This system constitutes a novel
virulence determinant of S. typhimurium (Groisman et al.,
1992b) required for survival within macrophages in vitro
(C.Parra-Lopez and E.A.Groisman, unpublished results) and
resistance to microbicidal compounds of human neutrophil
granules (Groisman et al., 1992b). Granule components
tested to date [defensin NP-1 (Groisman et al., 1992b),
lactoferrin and lysozyme (C.Parra-Lopez and
E.A.Groisman, unpublished results)] did not exhibit
preferential antimicrobial activity upon sap mutants. These
strains should provide an assay for the identification of novel
antimicrobial compounds of phagocytic cells. Candidate
compounds include bactericidal peptide fragments derived
from in vitro proteolysis of cathepsin G (Bangalore et al.,
1990), CAP37 (Pereira et al., 1993) and lactoferrin
(Yamauchi et al., 1993). Finally, the broad phylogenetic
distribution of the sapABCDF genes in enteric bacteria
(Figure 6), suggests that this system plays a central
physiological role, such as in nutrient uptake or recycling
of murein peptides (Park, 1993), and that Salmonella evolved
to utilize it for resistance to host defense compounds.

Materials and methods
Bacterial strains, plasmids and growth media
Mutant strains were isogenic derivatives of the wild-type peptide-resistant
S.typhimurium strain 14028s. These mutants are designated as follows:
EG1209, sapD::MudJ; EG1213, sapC::MudJ; EG1216, sapD::MudJ;
EG6545, sapF::kan; EG6501, AsapABCDF::kan; EG6561, kan AsapA and
EG6559, kan, a sapA+ derivative of EG6561. The chromosomal mutations
in strains EG6545, EG6501, EG6559 and EG6561 were made as described
(Groisman et al., 1993) using plasmids harboring kan insertions in the
sapABCDF operon. Their structures were verified by Southern hybridization
(data not shown). The position of the kan insertions and the segments deleted
in the different mutants are illustrated in Figure 5. The kan cassettes were
from plasmid pUC4-K (Pharmacia) in strain EG6501 and from pUC4-KIXX
(Pharmacia) in the three remaining strains. E.coli strain POI1734 (Castilho
et al., 1984) was used as a source of transposon MudJ for the mutagenesis
of plasmids containing the sapABCDF operon. Plasmid pIBI25 (IBI) was
used for subcloning, pT7-5 and pGP1-4 (Tabor and Richardson, 1985) for

expression studies, and pEG5005 (Groisman and Casadaban, 1986) for the
construction of genomic libraries by the in vio cloning procedure (Groisman,
1991). Plasmid pEG6188 was constructed by linearzing pEG6179 (Figure 1)
at the unique HindmJ site, filling in with Klenow fragment of DNA
polymerase and ligating; as expected this plasmid lost its Hindff site. LB,
M9 and M63 media were prepared as described (Miller, 1972). Kanamycin
and ampicillin were used at 40 Ag/ml and 50 Ag/ml, respectively. Protamine
(Calbiochem)-containing LB agar plates were prepared freshly to final
concentrations of 0.5-1.5 mg/ml.

DNA biochemistry and molecular biological techniques
Restriction endonucleases and T4 DNA ligase were purchased from Bethesda
Research Laboratories, Inc., Boehringer Mannheim Biochemicals or New
England BioLabs, Inc., and were used according to the manufacturers'
specifications. The wild-type operon was cloned from a genomic library
prepared by the in vivo cloning technique using the Mud5005 mini-Mu
replicon as described (Groisman, 1991). DNA was purified from host cells
using reagents and midi-prep columns from QIAGEN Inc. The nucleotide
sequence was determined by dideoxynucleotide chain-termination method
using Sequenase Version 2.0 (USB), [a-35S]dATP (Amersham), templates
corresponding to different plasmid subclones, some of which harbored MudJ
insertions and primers complementary to the ends of phage Mu. Additional
primers were synthesized using the phosphoramidite method in a Cyclone
Plus DNA synthesizer (Millipore) based on the sequence obtained. The DNA
sequence presented in this paper was determined completely on both strands.
Isolation of MudJ insertions in plasmid clones was performed as described
(Groisman, 1991). Computer analyses were performed using the software
packages GCG (University of Wisconsin Biotechnology Center, Madison,
WI) and GeneWorks (Intelligenetics). We searched the sequence databases
for protein similarities using the programs TFASTA and BLAST. PILEUP
and PPLOT were used for optimal alignment of protein sequences and the
determination of average hydrophobicity/hydrophilicity graphics,
respectively.

Expression of sap genes
Plasmids harboring different segments of the sapABCDF chromosomal region
cloned into the T7 promoter-containing vector pT7-5 were cotransformed
with plasmid pGP1-4 into strain HB101 by electroporation. Expression of
sap-encoded products was achieved following a modification of a previously
described protocol (Tabor and Richardson, 1985). HB101 cells containing
pGP1-4 and the pT7-5 derivatives harboring sap were grown in LB broth
with 100 Ag/ml of ampicillin and 50 Ag/ml of kanamycin at 30'C. When
cells reached an OD590 of 0.5, they were centrifuged, washed with 5 ml
of M9 medium without glucose and resuspended in 1 mi of M9 medium
+ 0.2% glucose. Cells were then grown at 30'C for 60-180 min and shifted
to 42'C for 20 min. Rifampicin (from a 20 mg/ml stock in methanol) was
added to a final concentration of 200 Ag/ml, and cells were incubated at
42'C for 10 min and then transferred to 30'C for 20 min. Samples were
labeled with 10ICi of 3H amino acid mixture (Amersham) for 5 miin at
30'C, centrifuged in a bench top centrifuge at 13 000 r.p.m. for 20 s and
the pellet subjected to 10% SDS-PAGE after being resuspended in loading
buffer. The gel was fixed and stained in methanol (30%)/acetic acid
(10%)/Coomassie brilliant blue (0.2%) at 65'C for 5 min and destained
in methanol (30%)/acetic acid (10%) at 650C for 15 min. It was then
incubated in EN3HANCE (DuPont) for 1 h, in water for 30 min and dried
at 85'C. Reagents for protein electrophoresis analysis were from Bio-Rad.
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